Migration of cells is important for tissue maintenance, immune response, and often altered in disease. While biochemical aspects, including cell adhesion, have been studied in detail, much less is known about the role of the mechanical properties of cells. Previous measurement methods rely on contact with artificial surfaces, which can convolute the results. Here, we used a non-contact, microfluidic optical stretcher to study cell mechanics, isolated from other parameters, in the context of tissue infiltration by acute promyelocytic leukemia (APL) cells, which occurs during differentiation therapy with retinoic acid. Compliance measurements of APL cells reveal a significant softening during differentiation, with the mechanical properties of differentiated cells resembling those of normal neutrophils. To interfere with the migratory ability acquired with the softening, differentiated APL cells were exposed to paclitaxel, which stabilizes microtubules. This treatment does not alter compliance but reduces cell relaxation after cessation of mechanical stress six-fold, congruent with a significant reduction of motility. Our observations imply that the dynamical remodeling of cell shape required for tissue infiltration can be frustrated by stiffening the microtubular system. This link between the cytokeleton, cell mechanics, and motility suggests treatment options for pathologies relying on migration of cells, notably cancer metastasis.
M
igration of cells is essential for the development and survival of multicellular organisms and the homeostasis of tissues (1) . Moreover, the prognosis of numerous pathologies is determined by the motility of the cell populations involved, notably in malignant tumors (2) . While cell adhesion as a regulator of cell motility has been studied in great detail, the mechanisms governing the actual movement of cells through surrounding three-dimensional tissue structures are not yet fully understood (3) . This movement was observed to require secretion of proteolytic enzymes, which, however, appears to be dispensable, and changes of cell shape (4) . The latter process is particularly important for amoeboid cell migration, the predominant mode of leukocyte migration, which proceeds with weakly adhesive to non-adhesive interactions (5, 6) . A sufficient ability of the cell body to dynamically remodel its shape appears to be pivotal for cell motility (7) . On the contrary, a rigid cell body would frustrate any attempt of the cell to squeeze through tissue gaps and channels. The major determinant of cell rigidity is the filamentous cytoskeleton (8) . While actin is generally considered most important for elastic resistance to deformation, microtubules have been implicated in the polarization of cell shape and migration (9, 10) . Microtubules, therefore, constitute a potential target for modifying cell mechanics and, consequently, interfering with cell motility.
These aspects can be exemplified in the development of blood cells, where immature myeloid precursor cells lack the ability to migrate, while mature neutrophils must be highly motile, reflecting their role in the immune response (11, 12) . Acute promyelocytic leukemia (APL) has been studied not only as a malignant disease but also as a model for myeloid differentiation along the neutrophil pathway, which can be induced by all-trans retinoic acid (ATRA) (13) . ATRA-induced differentiation of the NB4 cell line, which serves as an in vitro model for APL (14) , was shown to increase cell motility (15) , in parallel with cytoskeletal remodeling. ATRA is also used in the treatment of APL patients; however, its use can lead to a potentially lethal syndrome associated with a massive infiltration of organs by maturing myeloid cells, which gain the motile characteristics of neutrophils after being exposed to ATRA (16) . Any insight into the specific cytoskeletal mechanisms regulating APL cell migration might also lead to management strategies for this and other infiltrative disorders.
In the search of such points for pharmacological intervention, how could one assess the global mechanical properties of cells relevant for their migratory ability? A popular approach for investigating cell mechanics is atomic force microscopy (AFM), which was recently applied to study leukemia (17) and cancer cell elasticity (18) . Also, intracellular microrheology (ICM) has been used to study cell mechanics, even in the context of cell migration (9) . Both AFM and ICM require the localization of cells on artificial 2D surfaces and probe local mechanical properties of cell compartments with high spatial resolution. However, it is the assessment of cells acting as a physical entity in a threedimensional environment that is critical for understanding their behavior during migration through endothelial gaps and tissue channels. Microplates (19) or micropipettes (8, 20) allow the study of global cell mechanical properties, but still induce alterations of subcellular structures, notably of the cytoskeleton (21), due to cell-probe contact. Thus, an ideal approach for investigating the mechanical properties of cells, especially of those migrating without significant adhesive contacts, would apply non-contact measurement techniques and integrate local variations of cell mechanics into a single parameter, that is, deformability of the whole cell. For this purpose, we have recently developed a microfluidic optical stretcher (OS). This technology was designed to trap and deform suspended cells by optically induced surface forces from two counterpropagating non-focused laser beams (22) (Fig. 1) .
The aim of this study was to investigate the global biomechanical properties of APL cells during ATRA-induced differentiation using the OS technology. We find that the compliance of these cells acquired during myeloid maturation resembles that of normal neutrophils. Further, their ability to relax after deformation can be attenuated by modulating the cytoskeletal architecture with microtubule-stabilizing drugs. The consequence of this treatment is a reduced ability of differentiated APL cells to migrate through small pores, which is the ratelimiting step in neutrophil extravasation.
Results

Deformability Measurements of Nucleated Blood Cells with the OS.
Mechanical properties of APL cells were characterized by creep compliance measurements using the OS technique (see Methods for details). This approach is model-independent and, thus, can be used directly to compare cells with different mechanical properties. The creep compliance (synonymously referred to as 'deformability' to enable a more intuitive understanding), D(t) ϭ ␥(t)/( o F G ), is the time-dependent relative deformation, or strain, ␥(t), of cells (Fig. 1C) normalized by the constant peak stress, o , that is causing the deformation (Fig. 1 A) . The geometric factor F G accounts for different sizes or refractive indices of cells to be compared (23) . The sizes (2R APL ϭ 18.1 Ϯ 1.1 m, 2R neutrophils ϭ 11.11 Ϯ 0.24 m, 2R APLϩATRA ϭ 18.7 Ϯ 1.3 m), where statistics follow the pattern of mean Ϯ SEM at all points in the text, were directly available from image analysis. The refractive indices were measured to be n ϭ 1.3654 Ϯ 0.0019 and n ϭ 1.3657 Ϯ 0.0029 for APL cells and neutrophils, respectively, using immersion refractometry (see Methods for details). The reproducibility of creep compliance measurements with a OS is demonstrated in Fig. S1 . Notably, the strain response ␥(t) of the APL cells to increasing levels of laser power shows a clear nonlinear behavior with an indication of a yield stress (Fig. S2 ).
ATRA-Induced Differentiation Increases Deformability of APL Cells. To assess changes of cell deformability associated with differentiation, APL cells treated with ATRA for 3 days were analyzed with the OS and compared to untreated cells. Differentiated APL cells were found to have an increased compliance (Fig. 2) . At the end of the stretching process the differentiated cells were 45% more compliant than controls. Differentiation of APL cells in response to ATRA had previously been found to proceed for up to 5 days (14) . A measurement of APL cell compliance after 4 days of treatment with ATRA revealed no significant differences to the data obtained after 3 days (Fig. 2B) .
Remodeling of the Actin Filament Network During Differentiation.
Elastic deformability of cells is regulated by the actin cytoskeleton (23) . Visualization of the subcortical actin network in APL cells by electron microscopy revealed that the mesh size of the actin cytoskeleton, which is inversely related to the elastic shear modulus of biopolymer networks (24) , is increased during differentiation ( Fig. 2 A, inset) . This finding is in accordance with the increased compliance of ATRA differentiated APL cells. Depolymerization of F-actin by latrunculin A was found to further increase the deformability of differentiated APL cells Deformability at the end of stress application, mean Ϯ SEM. There was no significant difference between APL cells exposed to ATRA for 3 and 4 days. A higher deformability could be measured after depolymerizing F-actin with latrunculin A (LAT).
( Fig. 2B) , thus confirming the existence of a functional actin filament network in these cells. Differentiation of APL cells proceeds along the pathway of neutrophil maturation. The deformability of normal neutrophils from healthy donors was measured with the OS (Fig. S3) . In comparison to untreated APL cells, neutrophils were found to be more compliant. After differentiation, APL cells treated with ATRA presented a compliance similar to neutrophils within the first second of stretching. Subsequently, there was a difference in the viscoelastic behavior, with differentiated APL cells being more compliant than neutrophils.
Stabilizing Microtubules Prevents Relaxation of Differentiated APL
Cells. Treatment of differentiated APL cells with paclitaxel results in an increased bundling and polarization of microtubules as revealed by fluorescence microscopy (Fig. 3, inset) . The large bending stiffness of microtubules is unique among the cytoskeletal filament systems (25) . Thus, stabilizing microtubules with paclitaxel could, in principle, modulate the deformability of differentiated APL cells. Measurements of ATRA-differentiated APL cells treated with 5 M paclitaxel for 1 h showed otherwise (Fig. 3) . During stress application the extension behavior of these cells was indistinguishable from untreated controls. However, after cessation of stress significant differences in the relaxation behavior between differentiated APL cells with and without paclitaxel treatment could be observed. Whereas the former group of cells relaxed within fractions of seconds by about 27% from their maximum deformation, APL cells exposed to paclitaxel only relaxed by about 4.5%. After that the shape remained largely unaltered in both cases for the duration of the experiment. Repeating deformation with 60-s intervals, a relevant time scale for shape changes during migration, did not change this behavior for both groups of cells (Fig.  S4 ). These observations are consistent with a stabilization of cells in a deformed state.
Stabilizing Microtubules Decreases Motility of Differentiated APL
Cells. To investigate whether the lack of shape recovery of differentiated APL cells after deformation induced by paclitaxel influences cell motility, we performed chemotactic migration assays using Transwell filters with pore sizes of 5 m, a typical size for endothelial gaps (26), or 12 m, a size much closer to the diameter of the cells. The differences in the number of differentiated APL cells that migrated through these filters after 3 h are depicted in Fig. 4A . For the 5-m pores, there was a significant reduction of the number of migrated APL cells in response to treatment with paclitaxel. For the larger pores there was no statistically significant difference. Undifferentiated APL cells were not able to migrate through the 5-m pore filters at all (data not shown). Primary human neutrophils showed the same significant reduction as differentiated APL cells in migrated cell number in response to paclitaxel (Fig. S5) . Here 3-m pores were used to account for the smaller size of normal neutrophils, which is due to the smaller nucleus. Stabilizing microtubules could modulate actin-myosin-interactions during cell migration (27) . However, motility of differentiated APL cells with myosin II activity being abolished by blebbistatin was still significantly reduced by the addition of paclitaxel (Fig. S6) .
Pore Entry Is the Rate-Limiting
Step in Diapedesis. To identify whether the migration through, or the migration toward the pores was responsible for the reduction in migrated cell numbers in response to paclitaxel treatment, we also measured the cells' migration speed on 2D surfaces and in 5-7-m wide 3D channels made from PDMS. There was no difference in the chemotactic speed between untreated cells and those treated with paclitaxel in either case (Fig. 4B and C) . The use of PDMS channels also allowed us to determine the time for entry into the PDMS channels directly (Fig. 5 and Movies S1 and S2). The results show unambiguously that paclitaxel increases the time for entry about four times, clearly identifying pore entry as the rate-limiting step in this migration assay for neutrophil diapedesis. Moreover, video-microscopy also documented the deformations a cell has to undergo as an entity to pass into the pore.
Discussion
Cell Compliance and Differentiation. We measured whole-cell mechanical properties of myeloid cells with a microfluidic optical stretcher (OS). Since blood cells usually reside in suspension, this technique allows the investigation of their mechanical properties in a physiological state, thus avoiding unwanted adhesion-mediated alterations of the cytoskeleton and consequently of their mechanical properties.
Our findings demonstrate that ATRA-induced differentiation of APL cells is associated with a significant increase in compliance. This softening does not appear to be associated with apoptosis since cell compliance has been found to decrease in daunorubicin-induced apoptosis of acute myeloid leukemia (17) and other cells. Our measurements also emphasize that maturation of APL cells follows the neutrophil lineage because APL cell mechanics becomes more similar to neutrophils upon differentiation. The residual difference in deformability between differentiated APL cells and neutrophils could be due to the properties of the cell nucleus of APL cells, which differs in shape and DNA content from normal neutrophils (28) . In this context it might be interesting to point out that measuring changes of cellular deformability can monitor the differentiation of precursor cells into mature neutrophils on the single cell level. This finding is in line with recent reports of cell mechanical changes during the osteogenic differentiation of mesenchymal stem cells (29) . The generalization of this pattern for the characterization and sorting of stem cells from heterogeneous populations warrants further studies.
Cell Compliance and the Cytoskeleton. The mechanical properties of cells are mainly governed by the cytoskeleton, an intracellular polymeric network. We have previously shown that the differentiation of APL cells is associated with a remodeling of the vimentin network (15) . However, it was later demonstrated that mice lacking the intermediate filament vimentin showed a normal inflammatory response (30) so that a significant role of intermediate filaments for neutrophil motility appears to be unlikely. Moreover, contributions of intermediate filaments to cell mechanical response should only be visible at very large strains (31), which are not usually achieved by optically induced forces. On the other hand, the subcortical actin filament network is a significant determinant of cell elasticity, especially at small deformations (8, 32) . In the present study, enhanced depolymerization of the actin network by latrunculin was shown to further increase deformability of differentiated APL cells. This finding confirms the important role of actin for cell elasticity found in neutrophils (8) and other cell types (33) . Moreover, it indicates that, although being significantly more compliant than undifferentiated cells, APL cells differentiated with ATRA still have a subcortical actin network modulating cell mechanics, which was independently confirmed by electron microscopy. The observed changes of the actin network during differentiation of APL cells might explain the softening of these cells in response to ATRA. The indistinguishable refractive indices of the cells exclude an increased optical stress on the cells as a potential cause for the resulting larger deformability of the mature neutrophils.
Cell Compliance and Motility. The connection between the mechanical properties of cells and their ability to migrate has received only limited attention compared to biochemical aspects, with some early experiments focusing mostly on blood cells (11, 12) . The movement of myeloid cells seems to require the dynamic and fast remodeling of cell shape usually thought to be controlled by an elastic cytoskeleton. In a physiological context, undifferentiated precursor cells, which normally reside in the bone marrow, can be stiffer than their differentiated counterparts because there is no physiological need for migration. A lack of migration of undifferentiated myeloid cells has been implicated previously with their relative stiffness (12) . This correlation has now been confirmed with our compliance measurements and migration assays.
An uncontrolled infiltration of cells into tissues, which occurs in certain disorders, could be frustrated by an artificial stiffening of the cytoskeleton. As a potential molecular target for inducing this effect, microtubules in vivo can bear significant compressive loads due to lateral reinforcement by the surrounding cytoplasm (34) . Consequently, the enhancement of microtubule assembly by paclitaxel could increase cell stiffness and decrease compliance. The findings in this study do not support this hypothesis, since APL cells treated with paclitaxel exhibited the same extension behavior as untreated cells. This is in agreement with micropipette (8) and AFM data (33) showing that paclitaxel does not change the elasticity of neutrophils or fibroblasts, respectively. Importantly, however, our data demonstrate that paclitaxel alters the relaxation timescale of deformed differentiated APL cells after the release of stress. APL cells exposed to paclitaxel seemed to be temporarily frozen into the shape they were left in by the application of optical stress. The observed bundling and polarization of microtubules induced by paclitaxel could directly prevent the cell from relaxing back to their original shape. A similar bundling has been reported after treating another myeloid cell line (HL60) with pacitaxel (35) . Bundled microtubules could also impact the freedom of the nucleus for rearrangement within the cytosol, which is relevant because nuclear size and properties have also been implicated in modifying shape recovery in leukocytes (12) . This reduced inherent ability for shape recovery, induced by paclitaxel, arises from our migration studies as an alternative mechanism besides elastic stiffening for inhibiting extravasation of neutrophils through endothelial gaps. While the effect of stabilizing microtubules on cell migration could in principle be indirect, by modulating the actin cytoskeleton (27) , previous experiments demonstrated that stabilization of microtubules does not have an effect on actin in neutrophils (8) . Moreover, neither interference with the actin network nor inhibition of actomyosin contraction affect relaxation of leukocytes after deformation for pore migration (37) . These reports, together with our finding that paclitaxel impairs cell migration independently of myosin II, show that microtubules exert a role for cell mechanics that is independent of actin dynamics.
Cell Mechanics and Infiltrative Disorders. The differentiation of APL cells with ATRA is also used in the treatment of this specific type of leukemia; however, ATRA treatment is associated with potentially life-threatening complications affecting up to 26% of patients (38) . This retinoic acid syndrome (RAS) is characterized by pulmonary infiltrates, pleural and epicardial effusions, preceded by the appearance of large numbers of neutrophils or their precursors in the peripheral blood (16) . Importantly, tissue infiltration in RAS patients occurs days after induction of differentiation therapy. This time is sufficient for large-scale modifications of the cytoskeleton in APL cells. Consequently, we were able to detect changes of the mechanical properties and an enhanced motility of APL cells by 3 days after exposure to ATRA.
Previous experiments with APL cells indicate a role of cell adhesion molecules and the secretion of proteolytic enzymes in cell motility (39) , but blocking adhesion molecules on the surface of APL cells or inhibiting matrix metalloproteinases can only partially impair their motility pointing at cell mechanics as potential additional parameter for intervention (39) . Dexamethasone is the current mainstay of the management of patients with RAS (40) . Interestingly, Lam et al. (17) demonstrated that this drug induces stiffening of acute lymphatic leukemia cells. Although dexamethasone is effective in APL patients there is still a substantial morbidity and mortality by RAS, and additional approaches to attenuate motility of differentiating cells are needed (41) . A further increase of cell stiffening could be one such approach, which might be achieved by enhancing polymerization or cross-linking of actin filaments. However, no drug that targets the actin cytoskeleton has been approved for clinical use and such drugs would probably induce a variety of adverse effects.
In this study, we have shown that strengthening the microtubule cytoskeleton by paclitaxel is associated with a reduced ability to dynamically alter cell shape. This leads to a decreased ability of cells to enter size-limited pores, reflecting the process of neutrophil extravasation, which is the hallmark of RAS. The impairment of neutrophil motility by paclitaxel was also shown in an animal model of pneumonia (42) . However, the experimental setup in this study did not allow dissection of the mechanisms of action since paclitaxel also acts on endothelial cells and can block secretion of proteolytic enzymes (43) . In contrast, our assay system provided the opportunity to focus on neutrophil mechanics and to analyze the different steps of neutrophil extravasation-approach, entry into gaps, and interstitial migration in channels. Our data clearly demonstrate that paclitaxel specifically impairs the entry of differentiated APL cells into pores with a diameter similar to that of endothelial gaps (26) . These findings could be reproduced in neutrophils from healthy donors. Importantly, videomicroscopy showed that the entry into small pores as the rate-limiting step in diapedesis requires a directional change and a relaxation of the whole cell body, thus linking prolonged relaxation after deformation to delayed passage through endothelial gaps. Of note, adhesion of neutrophils to endothelial cells is not required for this step (44) . If the pores, however, are larger than physiological gaps in the endothelium, the bending of the cell that is required to fully enter the pore is reduced so that a defective relaxation can be better tolerated and motility is not significantly impaired as shown in our transmigration experiments. Migration either on 2D surfaces or through 3D channels, where the shape does not have to change, was not impacted by paclitaxel.
Even if paclitaxel is not the ideal drug for clinical use, there are already several reports on the development of less toxic microtubule stabilizers (45) . Thus, the balance between benefits and risks of mechanomanipulation of cells as a therapeutic approach is likely to further improve in the future. In this way, the concept of cell shape stabilization to inhibit cell migration will most likely become part of the pharmacological armamentarium in clinical medicine.
Conclusion
We have shown that differentiation of APL cells following the neutrophil lineage is associated with an increase of cell deformability, which appears to be regulated by the actin cytoskeleton. This softening of cells facilitates cell mobility, which is crucial for physiological neutrophil function. On the other hand, pharmacological stabilization of microtubules interferes with the dynamical shape remodeling of differentiated cells leading to a significant reduction of cell motility through size-limited pores. Both aspects demonstrate the important link between cell mechanics and migration. Impairment of cell shape changes has the potential to further extend the treatment options for diseases relying on an increased migratory activity of cells, notably cancer metastasis.
Methods
Cell Culture. The APL cell line NB4 (14) was kept in RPMI medium 1640 supplemented with 10% FCS, 2 mM L-glutamine, and 100 U/mL penicillin and streptomycin (Gibco). For differentiation, APL cells were incubated with 5 M all-trans retinoic acid (ATRA; Sigma) dissolved in dimethyl sulfoxide (DMSO) for up to 4 days (46). Neutrophils were separated from whole blood samples with the density gradient Polymorphprep (AxisShield) according to the instructions of the manufacturer. Cells were incubated with 5 M paclitaxel (T7402) and 100 M blebbistatin (B0560) for 1 h or with 1 M latrunculin A (L5163) for 30 min. All chemicals were obtained from Sigma Aldrich, unless stated otherwise.
Microfluidic Optical Stretcher (OS) Setup and Experiments.
The setup and handling of the OS has been described previously (47) . Mechanical properties of the cells were characterized with OS by creep compliance measurements (48) . Cells at a concentration of 5 ϫ 10 5 cells/mL were introduced into the microfluidic system and serially trapped and measured. The cell size and the relative deformation during the experiment were recorded by videomicroscopy (Fig. 1C) . The refractive index of cells, which is required for the calculation of the applied stress, was determined by immersion refractometry using BSA solutions as described previously (32) . From the power applied, the refractive indices measured, the known laser beam parameters, and the size of the cell in the trap, the stress magnitude, o, and distribution was calculated as described elsewhere (22) . Details of the stress distribution were used to determine the geometric factor F Gas described in Ananthakrishnan et al. (23) . The relative deformation of the cells was then normalized by the stress magnitude and the geometric factor to result in the creep compliance, or deformability, D(t) of each cell. In addition to the creep experiments, we always performed a relaxation experiment. The experiments were done at room temperature. All statistical analysis to determine significant differences between two populations was performed with an independent t test at the 95% confidence level.
Migration Assays. Migration assays were performed in three different ways. In a 2D experiment a drop of cell suspension was observed on a human fibronectin coated glass slide. A drop of 100 nM fMLP was added at one corner of the glass slide to induce chemotaxis. A second assay used 5-and 12-m poreTranswell filters (Costar). Both sides of the polycarbonate membrane were coated with human fibronectin at a concentration of 5 g/mL. Cells were placed in the upper chamber and allowed to migrate for 3 h into the lower chamber, which contained 100 nM fMLP. The third migration experiment used the setup described in ref. 36 . 3D microfluidic chambers made from PDMS were fabricated by photolithography. Two reservoirs respectively containing cell suspension and 100 nM fMLP in cell medium were connected by 5-7-m wide, 8-m high and 100-m long channels. Cells were observed migrating into and along these channels. The entry time of a cell migrating into a channel was defined as the time span from first contact of the cell with the channel to the moment when the whole cell body was completely inside the channel. Statistical comparisons of migration speeds and entry times were done with a Mann-Whitney test.
